1. Introduction {#s0010}
===============

The American alligator (*Alligator mississippiensis*) occupies a broad geographic range within the southeastern United States, where it inhabits freshwater swamps, wetlands, inland lakes, and rivers, in addition to coastal estuarine salt marshes and mangroves ([@bib0085]). The diversity of alligator habitats encompasses a broad range of prey that can directly influence the composition of parasites acquired via trophic transmission from prey hosts. Alligators are considered opportunistic generalist predators ([@bib0300]), whose food habits differ due to prey availability, sex, size, and the degree of individual specialization ([@bib0060; @bib0300; @bib0225; @bib0105; @bib0130]; Rosenblatt et al., in press), however, the parasitic assemblage of the American alligator is similar across their distribution ([@bib0270]). This contradicts a prevailing paradigm that parasitism of a definitive host species that is widely distributed should be heterogeneous due to variable abiotic and biotic factors, such as differential availability of suitable intermediate hosts ([@bib0185; @bib0235]). Explanations for the widespread similarity of alligator parasites include, (1) that the range of the intermediate hosts is congruent with that of the alligator definitive host, or (2) alligator parasites have evolved to infect multiple intermediate hosts across the range of habitats. If the latter is true, the use of various intermediate hosts may be an evolutionary response to the generalist foraging strategies and the diverse range of ecological communities inhabited by alligators, which is a common phenomenon among parasites of generalist predators ([@bib0020; @bib0145; @bib0260]). Such an adaptive pattern would create a mosaic of trophic interactions across the diverse habitats of the American alligator, while concurrently sustaining a similar assemblage of parasite species throughout the reptilian host\'s broad geographic distribution.

Unlike many other reptiles, stomach parasites of the American alligator are diverse and species rich ([@bib0010; @bib0265; @bib0270]). Ten nematode genera, including 12 species, have been identified from alligators via stomach flushing or dissection ([@bib0265; @bib0270]). Seven of the nematode species are identified as specific to crocodilians ([@bib0265; @bib0270]). Although gastric nematodes of American alligators have been documented since 1819 ([@bib0230; @bib0265; @bib0270]), there is still relatively little known about the plausible intermediate hosts for the various parasite species ([@bib0125; @bib0295]). Thus, to determine the plausible intermediate hosts and transmission pathways of alligator nematodes, the most basic procedure to conduct includes the exploration of the host\'s diet. Examination of stomach contents in correlation to parasite prevalence or abundance can provide essential information to identify intermediate hosts, in addition to the strength of connectivity between trophic links ([@bib0065; @bib0075; @bib0145; @bib0175; @bib0205]). Trophically transmitted parasites, such as alligator gastric nematodes, are potential biological indicators of food web connectance and of prey consumed over an extensive period of time ([@bib0110; @bib0165; @bib0180]). Thus, the identification of intermediate hosts of alligator parasites could perhaps help evaluate alligator feeding behavior in the absence of prey content, and contribute further information about alligator--prey interactions in various habitats.

Here we examined gastric parasites of the American alligator from coastal estuarine and inland freshwater habitats in Florida and Georgia, and integrated prey content data to predict possible intermediate hosts among these populations. Since there is a lack of knowledge and data of the intermediate hosts used in the transmission pathways of alligator nematodes, we anticipated the comprehensive examination of parasitism and diet could help consolidate possible intermediate hosts. Even though the majority of alligator nematodes are ubiquitous across their host\'s range ([@bib0265; @bib0270]), we expected a significant distinction of nematode abundance and species richness among inland freshwater and coastal estuarine alligator populations as a result of abiotic and biotic variation (i.e., salinity, water pH, prey diversity, etc.) between these aquatic environments, and differences in prey abundance. Secondly, we analyzed the relationship between alligator size and parasite abundance as well as species richness. Finally, we predicted that variation in environments and the opportunistic predatory behavior of the archaic reptilian host have influenced nematode species to evolve flexible life cycles over evolutionary time, causing the infection of multiple taxa as secondary intermediate hosts. Given that the study of crocodilian parasitism is still in its infancy, we anticipate the results from this study will establish a foundation of information on probable intermediate hosts to assist current and future researchers interested in the crocodilian--nematode dynamic.

2. Material and methods {#s0015}
=======================

2.1. Sample collection {#s0020}
----------------------

Alligators (*n* = 48) were captured between May 2008 and August 2011 as a part of ongoing research in five locations (three coastal and two inland, [Fig. 1](#f0010){ref-type="fig"}). Estuarine coastal sites include Sapelo Island, Georgia (*n* = 11, May 2008--July 2009, 31.443483° N, 81.260272° W), Cape Canaveral (*n* = 8, April 2010, 28.499862° N, 80.601395° W), and Guana Lake, Florida (*n* = 5, July--August 2011, 30.080452° N, 81.340742° W). Inland sites include Lake Apopka (*n* = 12, April 2010, 28.626022° N, 81.625298° W) and Lake Woodruff (*n* = 12, April 2010, 29.097947° N, −81.417577° W), Florida. Alligators were captured using standard crocodilian capture techniques ([@bib0055]), and were subject to morphometric measurements and various tissue and fluid sampling techniques. In the case of 16 individuals captured in two coastal sites (*n* = 11, Sapelo Island and *n* = 5, Guana Lake) stomach contents were removed via gastric lavage (Fitzgerald, 1989). Stomach contents from all other individuals (*n* = 8, from Cape Canaveral and *n* = 24, from inland lakes) were removed during necropsy as a part of ongoing ecotoxicology and environmental contaminant studies. Collected contents were washed using fresh water to remove excess gastric enzymes then passed through a 1 mm mesh sieve (No. 18 USA Standard Test Sieve, Hogentogler and Co, Inc., Columbia, Maryland) to collect identifiable prey and gastric nematodes. Nematodes were collected from each alligator individual in our study (100% prevalence). Interestingly, 100% gastric parasitism among adult and large sub-adult alligators is a common phenomenon ([@bib0270; @bib0275]; Tellez, unpublished data). The remaining portions were preserved in 70% ethyl alcohol until further processing. Stomach contents were separated first by broad taxonomic categories (e.g., vertebrates, invertebrates, vegetation) then identified to the lowest taxonomic subdivision possible, in many cases to the genus and/or species level. Numbers of individuals for each prey taxon were counted based on the presence of body portions specific to one individual for that particular taxon, e.g. the presence of an atlas bone for Actinopterygii, or the eye stalks for Decapoda. Gastric nematodes were placed in Petri dishes of glycerin alcohol for clearing, and identified via compound and stereo-microscopes.

It is pertinent to mention that given the time of data collection (May and August), it is possible that the particular prey contents gathered are not necessarily related to the nematodes collected simultaneously. However, some prey contents are slowly digested, possibly remaining in the alligator stomach for months prior to moving into the intestines ([@bib0135; @bib0160; @bib0200]). Thus, it is plausible that some of the nematodes collected in this study were transmitted by some of the prey identified. Additionally, the proportion and type of species consumed from 1986 to present among Florida and Georgia alligators in various habitats (which include some of our study sites) have remained relatively constant ([@bib0100; @bib0095], Delany et al., 1999; [@bib0250; @bib0035; @bib0220; @bib0190]). Based on the findings cited earlier of prior alligator feeding ecology studies, we intend that our method of using diet data from alligators in our study is appropriate to estimate the general proportion and type of prey consumed by alligators. Concomitantly, we assume that correlating alligator diet data with parasite abundance is an appropriate method to predict intermediate hosts of alligator nematodes, particularly since the correlation of prey contents to parasite abundance is a fundamental strategy to determine intermediate hosts of parasite life cycles ([@bib0075; @bib0065; @bib0175; @bib0205]; A. Kuris, pers. comm.).

All study techniques adhered to methods approved by the University of Florida and Institutional Animal Care and Use Committee (IACUC) (Protocol F-139 and 201005071) and Kennedy Space Center IACUC (Protocol GRD-06--044). All field collections were performed under Florida Fish and Wildlife (Scientific Collecting Permit No. SPGS-10-44R and SPGS-10-4) and Georgia Department of Natural Resources (Scientific Collecting Permit No. 29-WBH-08--178 and 29-WBH-09--56). Voucher specimens are deposited at the Manter Laboratory of Parasitology, Lincoln, Nebraska (Accession numbers: 68502--68507).

2.2. Statistical analyses {#s0025}
-------------------------

### 2.2.1. Variation of parasite abundance and species richness between inland freshwater and coastal estuarine alligator populations {#s0030}

To determine if parasite abundance and species richness significantly differed among coastal estuarine and inland freshwater alligator hosts, it was necessary to consider the SCA methods applied in obtaining nematode samples before statistically analyzing variation in parasitism between the two types of habitats. Although stomach flushing is a common method used in ecological and parasitological studies, not all stomach contents will be flushed out, particularly from large adult alligators. Examination of our raw data showed a lower average of mean parasite abundance among stomach flushed coastal estuarine alligators (*n* = 16) than necropsied coastal estuarine alligators (*n* = 8) or total necropsied alligators from both coastal estuarine and inland freshwater environments (*n* = 32). To control for this confounding variable, we first performed a negative binomial regression analysis to determine if location and a particular stomach content analysis method were significant predictor variables of nematode abundance. We also performed a negative binomial regression to determine if location and a particular SCA method were significant predictor variables of nematode species richness. Location and SCA method were associated with parasite abundance (intercept, *p* \< 0.0001; location *p* = 0.03, SCA method, *p* \< 0.001), and location was the only variable associated with parasite species richness (intercept, *p* \< 0.01; location, *p* = 0.02; SCA method, *p* \< 0.05). This suggests only location affects parasite species richness, and location and SCA method affect parasite abundance. As a result of the SCA method affecting parasite abundance, we performed a second negative binomial regression analysis using parasitic data from necropsy coastal estuarine and inland freshwater alligators to evaluate variation of parasite abundance between coastal estuarine and inland freshwater alligators. Variation of parasite species richness between the two habitats was examined with a Wilcox signed-rank test. Negative binomial regression analyses and Wilcox signed-rank test following the earlier protocol were also used to examine significant differences of identified nematode species between habitat types.

### 2.2.2. Correlation of alligator total length to parasite abundance and species richness, and consumption of taxonomic prey class {#s0035}

As alligator size is correlated with variation in prey types and also the amount of food consumed, and both can cause variation in trophically transmitted parasitism, Spearman rank correlation analyses were used to investigate the association of host size with parasite abundance and parasite species richness. A second series of Spearman rank correlation analyses examined the relationship between alligator size and taxonomic prey class to further propose the association between parasite abundance, and the proportion and type of prey consumed by larger alligators. We also performed Fisher\'s exact test to determine if there was a relationship between alligator size and habitat, as this could possibly result in false-positive results in the association of alligator size and parasitism, as well as the proportion and type of prey consumed.

### 2.2.3. Analysis of prey categories correlation to parasite abundance {#s0040}

Stomach contents of alligators were quantified and identified to lowest recognizable categories, family (*n* = 23), order (*n* = 18), or class (*n* = 10) ([Table 1](#t0010){ref-type="table"}). Because the quantity of prey in each prey category was not normally distributed, we used non-parametric analyses to examine the relationship of prey categories to parasite abundance. Additionally, non-parametric tests were used to examine parasitism among hosts since parasites are aggregated among hosts (i.e., some hosts are heavily parasitized while other hosts are minimally or non-parasitized, creating an overdispersed distribution of parasitism). To identify probable intermediate hosts, a negative binomial regression was used to examine the relationship of parasite abundance (dependent variable) to prey categories (independent variables). We inferred that prey categories that have a strong relationship to parasite abundance were more likely candidates for alligator intermediate hosts. For this analysis, three negative binomial regressions were performed independently using taxonomic categories: family, order, class.

### 2.2.4. Prediction of intermediate hosts of individual parasite species via negative binomial regression {#s0045}

Negative binomial regressions were also used to analyze the relationship of each particular nematode species to prey categories (independent variables) of likely intermediate hosts. We predicted that prey categories that have a strong relationship to a particular nematode species should comprise species that are likely intermediate hosts of alligator nematodes. For each analysis performed with a nematode species (dependent variable), three negative binomial regressions were performed independently of each other in accordance with taxonomic category (independent variables): family, order, class. Negative binomial regressions, Wilcox signed-rank test, Fisher\'s exact test, and Spearman rank correlations were performed with Program R 2.15.1 ([@bib0215]), and all tests were considered significant at *p* [\<]{.ul} 0.05. False discovery rates were calculated for each taxonomic category to analyze type I error of multiple comparisons. Statistical analyses performed in [Sections 2.2.1--2.2.4](#s0030 s0035 s0040 s0045){ref-type="sec"} were instructed by the UCLA IDRE statistical consulting services.

### 2.2.5. Nematode and prey content species richness curves {#s0050}

Accumulation curves for prey content collected in estuarine and inland habitats, and nematode species were generated to evaluate sampling effectiveness by randomizing samples 1000 times using EstimateS 9.1.0 ([@bib0070]).

3. Results {#s0055}
==========

3.1. General data on component community of alligator gastric nematodes {#s0060}
-----------------------------------------------------------------------

A total of 17,199 nematodes comprised of five genera (*Dujardinascaris waltoni, Brevimulticaecum tenuicolle, Ortleppascaris antipini, Goezia* sp., *Contracaecum* sp.) from the families Ascarididae and Anisakidae were identified from both inland freshwater and coastal estuarine locations. The sampled nematode species accumulation curve reached its asymptote rapidly suggesting we collected all representative species of alligator gastric nematodes ([Fig. 2](#f0015){ref-type="fig"}). Overall, the comprehensive abundance and species richness of nematodes were highest among inland freshwater alligators relative to coastal estuarine populations (negative binominal regression, *p* = 0.04; *W* = 32, *p* = 0.004). Abundance of *D. waltoni, B. tenuicolle*, and *O. antipini* were found to be statistically higher among inland freshwater alligators relative to those inhabiting coastal estuarine habitats (negative binomial regression, *p* = 0.05; negative binomial regression, *p* = 0.05; *W* = 48, *p* = 0.017). Abundance of *Contracaecum* sp., and *Goezia* sp., did not statistically differ among habitats (*W* = 64, *p* = 0.07; *W* = 99, *p* = 0.83).

3.2. Correlation of alligator total length to parasitism and taxonomic prey class {#s0065}
---------------------------------------------------------------------------------

A positive association between alligator length and the abundance of fish, birds, decapods, and reptiles consumed was found (statistical values summarized in [Table 2](#t0015){ref-type="table"}). Alligator total length (TL) (mean ± SD, 254 ± 71 cm) ranged from 84 to 384 cm, spanning all size classes from juveniles (\<0.9 m TL) to adults (\>1.83 m TL). We found no significant association of parasite species richness with alligator size (*p* = 0.116, *r*~s~ ≈ 0.229), however size was highly correlated with parasite abundance (*p* \< 0.001, *r*~s~ ≈ 0.592). Given the correlation of parasite abundance with host size, we then examined the association of alligator size to the abundance of the various species of nematodes. No relationship was evident for *B. tenuicolle, O. antipini, Goezia* sp., or *Contracaecum* sp. (*p* = 0.793, *r*~s~ ≈ 0.04; *p* = 0.185, *r*~s~ ≈ 0.195; *p* = 0.328, *r*~s~ ≈ −0.144; *p* = 0.170, *r*~s~ ≈ 0.201). However, the abundance of *D. waltoni* significantly increased and showed a strong association with alligator size (*p* \< 0.001; *r*~s~ ≈ 0.6).

3.3. Accumulation curve for prey content {#s0070}
----------------------------------------

Five stomachs (10.4% of all samples), three from coastal habitats and two from inland freshwater lake alligators, contained no prey items. A species accumulation curve of coastal estuarine prey contents did not approach an asymptote ([Fig. 3a](#f0020){ref-type="fig"}). In this case, our data only provide a lower-bound estimate of species richness. The asymptote of the species accumulation curve of inland freshwater stomach contents suggests we collected the majority of possible prey of inland alligator populations ([Fig. 3b](#f0020){ref-type="fig"}). Further sampling of alligator stomachs should yield more species of alligator prey in both coastal estuarine and inland freshwater habitats. Overall, the majority of prey content occurrence from coastal estuarine alligators was comprised of invertebrates (89%), whereas prey content from inland freshwater alligators was mainly comprised of vertebrates (56%).

3.4. Identifying probable intermediate hosts of nematode species {#s0075}
----------------------------------------------------------------

In order to distinguish probable intermediate hosts of nematode species, we statistically analyzed prey contents at three taxonomic levels (family, order, class). Various taxonomic families were strong predictors of parasite abundance. Our model suggests that Poeciliidae has the strongest relationship with parasite abundance (*p* \< 0.0001), followed by Panopeidae (*p* \< 0.001), Portunidae (*p* = 0.002), Sesarmidae (*p* = 0.004), Colubridae (*p* = 0.003), Cyprinodontidae (*p* = 0.009), Procyonidae (*p* = 0.002), and Centrarchidae (*p* = 0.04). Taxonomic orders Decapoda, Testudines, Procyonidae, Rodentia, and Cyprinodontiformes also illustrated a strong relationship with parasite abundance (*p* = 0.008; *p* \< 0.001; *p* = 0.002; *p* = 0.03; *p* \< 0.001). In examining class, the most significant predictors of parasite abundance were Malacostraca (*p* = 0.002), Reptilia (*p* = 0.002), Mammalia (*p* = 0.004), and Actinopterygii (*p* = 0.05).

Several taxonomic families illustrated a strong relationship to *Dujardinascaris waltoni*. Poeciliidae (*p* \< 0.001), Panopeidae (*p* \< 0.001), Portunidae (*p* = 0.007), Sesarmidae (*p* = 0.007), Colubridae (*p* = 0.005), Cyprinodontidae (*p* = 0.01), Procyonidae (*p* = 0.008), and Centrarchidae (*p* = 0.05). Orders Cyprinodontiformes, Testudines, Procyonidae, Rodentia, and Decapoda were significant predictors of the presence of *D. waltoni* (*p* \< 0.001; *p* = 0.003; *p* = 0.01; *p* = 0.05; *p* = 0.006). Classes Reptilia, Malacostraca, and Mammalia illustrated a strong relationship to the presence of *D. waltoni* (*p* = 0.001; *p* = 0.004; *p* = 0.007).

*Brevimulticaecum tenuicolle* only had a significant relationship with the order Testudines (*p* = 0.02), class categories Mammalia (*p* = 0.02), and Actinopterygii (*p* = 0.02). As for *O. antipini*, only order Decapoda showed a significant association with this particular stomach nematode (*p* = 0.002; *p* = 0.03). No significant interactions between *Goezia*, sp., *Contracaecum* sp., and ascarid larvae were found among any of the taxonomic categories (all *p* \> 0.05). False discovery rates for the above significant statistical analyses are summarized in [Table 3](#t0020){ref-type="table"}.

4. Discussion {#s0080}
=============

Understanding the trophic interactions of apex predators is an important goal for ecologists, as these species are known to exert strong top-down pressures on prey affecting community, as well as ecosystem structure and function ([@bib0115; @bib0120; @bib0195; @bib0245]). Alligators, in particular, serve as an interesting model species to study trophic interactions since alligators consume both terrestrial and aquatic prey. Given the influence parasites have on food web metrics and topology, the inclusion of alligator parasites in alligator feeding ecology studies could perhaps identify cryptic, yet influential, trophic links and nestedness among the local terrestrial and aquatic food web network ([@bib0025; @bib0180; @bib0280]). Thus, in the event alligator parasites can successfully complete their life cycle using terrestrial and aquatic intermediate or paratenic hosts, the examination of alligator parasitism establishes a broader perspective of the food web network structure, and the interweaving of energy flow among the local terrestrial and aqueous ecosystems. In this study, we analyzed the prospect of alligator gastric nematodes evolving life-cycle pathways that included the use of multiple intermediate hosts. The use of multiple alligator prey as intermediate hosts could be a response to the variation of prey availability and abundance throughout the hosts\' geographic distribution, in addition to the generalist foraging strategy of alligators. Because alligators are opportunistic predators, evolving to infect multiple prey species ensures successful completion of parasite transmission. Our results suggest multiple prey taxa, such as reptiles, crustaceans, and fish, are likely intermediate or paratenic hosts of alligator nematode parasites. These findings follow a trend of current crocodilian--parasite research, which illustrates a unique host--parasite relationship and patterns of distribution relative to fish, mammal, and other reptile host--parasite systems studied ([@bib0040; @bib0155; @bib0265; @bib0270; @bib0275]; P. Martelli, pers. comm.).

4.1. Parasitism and alligator size {#s0085}
----------------------------------

The opportunistic feeding behavior and diversity of prey species alligators consume expose these aquatic predators to a multitude of probable intermediate hosts, particularly as they grow in size. While the consumption of potential prey becomes more diverse as alligators grow in size (e.g., [@bib0300; @bib0130]), our study showed no variation of nematode species richness among sub-adults and adults. It is possible that nematode species richness reaches a threshold upon adult maturation as large sub-adults and adults may feed upon similar prey or intermediate hosts. In contrast to species richness, parasite abundance increased in accordance with alligator size. This phenomenon can potentially be explained by three factors. First, the higher consumption rate of larger alligators relative to smaller conspecifics likely elevates their rate of contact and feeding of intermediate hosts, thus preeminenting larger alligators to higher parasitic abundance. Secondly, the increase of gastric nematode abundance in our study, and analogous to previous studies ([@bib0105; @bib0140; @bib0275]), parallels the onset of large sub-adult alligators broadening their diet. Thus, perhaps the increase of stomach nematode abundance reflects the expansion and opportunistic feeding behavior of alligators throughout maturation (i.e., the increase predation of reptiles, birds, fish, and decapods simultaneously), which emulates the use of multiple transmission pathways (i.e., various intermediate hosts) by parasites. Finally, the larger niche space of adult alligators allows a greater quantity of nematodes to access a common resource than stomachs from smaller alligators, which can lessen resource competition among parasites ([@bib0080]). Based on the earlier findings, we suggest the increase of nematode abundance parallels the augmentation of opportunistic feeding behavior of alligators throughout maturation. Therefore, examination of nematode parasitism could perhaps be a valuable tool to evaluate the ontogenetic dietary shifts among alligator individuals.

4.2. Parasitism between inland freshwater and coastal estuarine alligator populations, and identification of intermediate hosts {#s0090}
-------------------------------------------------------------------------------------------------------------------------------

In this study, parasitism appeared to correlate to the consumption and proportion of vertebrate vs. invertebrate prey among inland freshwater and coastal estuarine alligators ([Fig. 4](#f0025){ref-type="fig"}). The larger portion of inland freshwater population diets consisted of fishes and higher vertebrate species, such as turtles, which our data suggest are the primary, vertebrate intermediate hosts of inland freshwater and coastal estuarine alligator populations. For example*,* our data suggest fishes may be primary obligate intermediate hosts of *B. tenuicolle* and *D. waltoni*. It is possible these nematode species share the same intermediate hosts. However, evolving to infect different intermediate hosts prevents competition of a similar resource, and ensures successful parasite transmission ([@bib0080]). Although we found no significant relationship with taxonomic fish orders or families to consolidate the plausible intermediate hosts of *B. tenuicolle*, our data suggest cyprinodonts (order Cyprinodontiformes, families Poeciliidae and Cyprinodontidae) are a good predictor of *D. waltoni*. Based on the few identifiable species of cyprinodonts from prey stomach contents, future experimental life cycles should primarily include mosquitofish (*Gambusia affinis*) and mummichog (*Fundulus heteroclitus*). The distribution of both these species is sympatric with the geographic range of alligators, which could explain the widespread distribution of *D. waltoni* ([@bib0265]).

Besides fish, turtles (order Testudines) seem to be strong predictors of parasite intensity, and the presence of *D. waltoni*. [@bib0125] considered it unlikely that reptiles function as intermediate hosts of the heavily fish-based diet of alligators. Yet, certain ascarid species utilize reptiles as obligate intermediate hosts ([@bib0170; @bib0255]). Furthermore, it is conceivable that the taxa used in life cycles vary given the stochasticity of prey abundance, and heterogeneity of environments inhabited by alligators throughout their distribution. For example, the large portion of fish, as well as blue crab, preyed upon by Louisiana alligators implies their preeminent position as intermediate host candidates in this region. However, as turtles make up a considerable portion of the diet of inland freshwater alligator populations in Florida ([@bib0100; @bib0105]), we postulate alligator stomach nematodes have evolved to utilize turtles to successfully complete their life cycle. Larvae of *Dujardinascaris* spp. have been found in other reptiles, such as lizards and snakes ([@bib0045]). As colubrids are not a consistent source of prey among alligators, particularly in comparison to turtles ([@bib0100; @bib0105; @bib0220]), it is possible snakes are paratenic hosts of *D. waltoni*.

Paratenic hosts are a common phenomena among ascarid life cycles ([@bib0050]). From the perspective of the parasite, the inclusion of paratenic hosts is a favorable endeavor to ensure transmission success, particularly when the definitive host is an opportunistic predator. Mammals are known paratenic hosts of *Dujardinascaris* spp., *Brevimulticaecum* spp., and *Ortleppascaris* spp. ([@bib0015; @bib0255; @bib0290]). Thus, the strong association between mammals with *D. waltoni* and *B. tenuicolle* in our study is most likely a result of their role as paratenic hosts for alligator gastric parasites. Overall, mammals represent a small portion of the prey biomass of alligators ([@bib0095; @bib0100; @bib0105; @bib0195; @bib0220]). Thus, the use of various paratenic and intermediate vertebrate hosts is a common phenomenon among life cycles of ascarid species ([@bib0015; @bib0050]), and may be a particularly favorable adaptive trait among alligator ascarids given the generalist predatory behavior of their definitive host.

In comparison to inland freshwater populations, the majority of the prey biomass of coastal estuarine inhabiting alligators are largely made up of invertebrates ([@bib0195]). Shrimp, crayfish, and horseshoe crabs are not associated intermediate hosts for these nematode genera ([@bib0015]). However, crabs have been associated to the presence of *Dujardinascaris* spp. ([@bib0030; @bib0290]; Tellez, unpublished data). Our data suggest a strong association with decapods, particularly crustaceans from the families Portunidae, Panopeidae, and Sesarmidae, to parasite abundance and the presence of *D. waltoni*. Similar to that of fish, crabs make up a large percentage of the American alligators\' diet in juveniles, sub-adults, and adults throughout the host\'s geographic distribution ([@bib0100; @bib0105; @bib0195; @bib0210; @bib0220; @bib0285]), and have a strong role in the life cycle transmission of *Dujardinascaris* spp. ([@bib0030; @bib0290]). *Dujardinascaris petterae*, a sister species to the alligator stomach nematode *D. waltoni*, was found infecting a crab in Africa (Tellez, unpublished data). Additionally, *D. waltoni* has been the only nematode species found in juvenile alligator stomachs in Louisiana (Tellez, unpublished data). Given the earlier field data, and statistical results from this study, we suggest future investigations of the life cycle of *D. waltoni* should include crabs.

In general, the large percent volume of invertebrate (particularly non-brachyuran) prey correlates to the lower stomach nematode abundance among coastal estuarine alligators. Based on the earlier results, we postulate that the higher abundance and predation of vertebrate prey strongly influence the greater abundance of nematode parasitism among inland freshwater alligators relative to coastal estuarine individuals.

4.3. Correlation of *Goezia* sp. and *Contracaecum* sp. to prey categories {#s0095}
--------------------------------------------------------------------------

Based on our data, *Goezia* sp. and *Contracaecum* sp. were not strongly associated with alligator prey. Neither of these two nematode species has been regularly identified from the stomach of alligators ([@bib0090; @bib0265; @bib0270]). Both *Goezia* spp. and *Contracaecum* spp. are considered common parasites of fish-eating birds and marine mammals ([@bib0015; @bib0255]), thus it is plausible that infection among alligators is "accidental."

4.4. Conclusion {#s0100}
---------------

In summary, alligator nematode abundance of inland freshwater alligators was higher than coastal estuarine alligators, which could reflect selective predation or variation of intermediate host availability between habitats. Variation in diet also seems to influence difference of nematode abundance among sizes of alligators as parasite intensity increases with alligator size in relation to ontogenetic diet shifts. Our data also suggest alligator stomach nematodes have evolved flexible life cycles in response to the opportunistic predatory behavior of alligators and geographic variation of prey abundance by infecting multiple intermediate hosts, particularly fishes, turtles, and crabs. The concept of crocodilian nematodes evolving flexible life cycles that include the use of multiple secondary hosts is not a novel theory ([@bib0155]), yet conjectures of secondary hosts have primarily focused on fish ([@bib0125; @bib0150; @bib0240]). The dissimilarity of diet and intermediate hosts throughout the alligator range may have generated the adaptive radiation of multiple transmission pathways of gastric nematodes. For example, it is possible *D. waltoni* has coevolved to infect turtles in Florida in contrast to Louisiana in response to the selective feeding habits of Florida alligators. Given the growing interest in crocodilian parasitology, we intend that our statistical findings can facilitate a foundation for future experiments of alligator nematode life cycles as a result of the consolidation of probable intermediate hosts, as well as assist researchers interested in all faucets of alligator parasite life cycles, particularly since there is a lack of research and knowledge in this host--parasite system. Further exploration of nematode life cycles could essentially reveal tightly linked trophic relationships between host specific nematodes, and their archaic host, as well as provide further insight on the evolutionary role of alligator nematodes in food webs.
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![Collecting localities of alligators in Georgia and Florida.](ijppaw72-fig-0001){#f0010}

![Nematode species richness accumulation curve (A) and Coleman rarefaction curve (B) based on 1000 randomizations using Estimate 9.1.0. The black broken line (- -) represents the upper 95% confidence level, and the broken dotted broken line (- ⋅ -) represents the lower 95% confidence level of the species accumulation curve (A). Upper and lower Coleman standard deviations are represented by solid black lines (B). Data obtained from stomach flushing or necropsy of American alligators from Florida and Georgia between 2008 and 2011. The rapid approach to the asymptote suggests we captured all possible species of alligator nematodes.](ijppaw72-fig-0002){#f0015}

![Prey content species richness accumulation curves based on 1000 randomizations using Estimate 9.1.0. Data obtained from stomach flushing or necropsy of American alligators from (A) coastal or (B) inland habitats between 2008 and 2011. The black broken line (- -) represents the upper 95% confidence level, and the broken dotted broken line (- ⋅ -) represents the lower 95% confidence level of the species accumulation curve. The slow approach to the asymptote in coastal habitats suggests prey contents of sampled alligators did not capture all probable prey. The asymptote of inland alligators slowly begins to plateau, which may suggest our sampling efforts were close to capturing most of the probable prey of alligators.](ijppaw72-fig-0003){#f0020}

![Prey stomach contents categorized to taxonomic class levels.](ijppaw72-fig-0004){#f0025}

###### 

Taxonomic categories of prey items. Order and class are comprised of total number of prey items identified from that category. Prey contents identified only as Actinopterygii, Decapoda, Gastropoda, Insecta, Coeloptera, Mammalia, Rodentia, and Testudines marked (\*) contained prey fragments identified to only these categories.

  Taxonomic categories     Total prey contents
  ------------------------ ---------------------
  Gastropoda (total)       41
  Gastropoda\*             1
   Architaenioglossa       40
   Ampullariidae           40
  Annelida (total)         1
   Hirudinea               1
  Merostomata (total)      30
   Xiphosura               30
   Limulidae               30
  Insecta (total)          32
  Insecta\*                7
   Coeloptera              18
   Coeloptera\*            15
   Carabidae               1
   Dytiscidae              2
   Hymneoptera             3
   Odonata                 3
   Orthoptera              1
  Malacostraca (total)     182
  Decapoda                 182
  Decapoda\*               1
   Cambaridae              156
   Menippidae              1
   Palaemonidae            14
   Panopeidae              1
   Portunidae              4
   Sesarmidae              5
  Actinopterygii (total)   58
  Actinopterygii\*         44
   Cyprinodontiformes      5
   Cyprinodontidae         4
   Poeciliidae             1
   Perciformes             3
   Centrarchidae           1
   Sciaenidae              2
   Mugiliformes            1
   Mugilidae               1
   Lepisosteifromes        4
   Lepisosteidae           4
   Siluriformes            1
   Ariidae                 1
  Reptilia (total)         11
   Crocodylia              1
   Alligatoridae           1
   Testudines              7
   Testudines\*            6
   Kinosternidae           1
   Squamata                3
   Colubridae              3
  Aves (total)             13
  Mammalia (total)         32
  Mammalia\*               14
   Carnivora               7
   Procyonidae             7
   Lagomorpha              1
   Rodentia                10
   Rodentia\*              4
   Muridae                 5
   Cricetidae              1

###### 

Summary of Spearman rank correlations between alligator total length and taxonomic prey class.

  Taxonomic prey class   Spearman rank correlation coefficient
  ---------------------- ------------------------------------------------
  Actinopterygii         *S* = 13,195, *p* = 0.05, *r*~s~ = 0.284
  Annelida               *S *= 20,461.06, *p* = 0.4544, *r*~s~ = −0.111
  Aves                   *S* = 11,525.53, *p* = 0.009, *r*~s~ = 0.374
  Gastropoda             *S* = 14,130.05, *p* = 0.1109, *r*~s~ = 0.233
  Insecta                *S* = 28,984.36, *p* \< 0.001, *r*~s~ = −0.573
  Malacostraca           *S* = 26,353.05, *p* = 0.002, *r*~s~ = −0.43
  Mammalia               *S* = 21,863.23, *p* = 0.207, *r*~s~ = −0.185
  Merostomata            *S* = 16,789.55, *p* = 0.549, *r*~s~ = 0.089
  Reptilia               *S* = 10,545.68, *p* = 0.002, *r*~s~ = 0.428

###### 

Summary of significant *p* values and their false discovery rate (FDR) for taxonomic categories in comparison to parasite intensity, parasite species richness. *Dujardinascaris waltoni, Brevimulticaecum tenuicolle*, and *Ortleppascaris antipini*. Prey contents identified only as Actinopterygii, Gastropoda, Insecta, Coeloptera, Mammalia, and Testudines marked (\*) contained prey fragments identified to only these categories.

                                      *p* value   FDR
  ----------------------------------- ----------- ---------
  **Parasite intensity**                          
   [Family]{.ul}                                  
    Centrarchidae                     0.04        0.07
    Colubridae                        0.003       0.008
    Cyprinodontidae                   0.009       0.02
    Dytiscidae                        0.04        0.07
    Panopeidae                        0.0002      0.002
    Poecillidae                       \<0.0001    \<0.001
    Portunidae                        0.002       0.008
    Procyonidae                       0.002       0.007
    Sesarmidae                        0.004       0.01
   [Order]{.ul}                                   
    Carnivora                         0.002       0.003
    Cyprinodontiformes                \<0.001     0.0004
    Decapoda                          0.002       0.03
    Rodentia                          0.03        0.07
    Testudines                        \<0.001     0.001
   [Class]{.ul}                                   
    Actinopterygii                    0.05        0.11
    Malacostraca                      0.002       0.007
    Mammalia                          0.004       0.009
    Reptilia                          0.001       0.007
  ***Dujardinascaris waltoni***                   
   [Family]{.ul}                                  
    Centrarchidae                     0.05        0.1
    Colubridae                        0.005       0.02
    Cyprinodontidae                   0.01        0.03
    Panopeidae                        \<0.001     0.003
    Poecillidae                       \<0.0001    0.001
    Portunidae                        0.007       0.02
    Procyonidae                       0.008       0.02
    Sesarmidae                        0.007       0.02
   [Order]{.ul}                                   
    Carnivora                         0.01        0.03
    Cyprinodontiformes                \<0.0001    \<0.001
    Decapoda                          0.006       0.02
    Rodentia                          0.05        0.1
    Testudines                        \<0.001     0.001
   [Class]{.ul}                                   
    Malacostraca                      0.004       0.01
    Mammalia                          0.007       0.01
    Reptilia                          0.001       0.007
  ***Brevimulticaecum tenuicolle***               
   [Class]{.ul}                                   
    Actinopterygii                    0.02        0.06
    Mammalia                          0.03        0.06
   [Order]{.ul}                                   
    Testudines                        0.02        0.2
  ***Ortleppascaris antipini***                   
   [Order]{.ul}                                   
    Decapoda                          0.0312      0.3
